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ABSTRACT
Climate change is affecting many industries in Maine and all over the world, but this
research aims to highlight the effects of climate change on Maine’s lobster industry. Data
from the Maine Department of Marine Resources allow for analysis of landings, price per
pound, and real value between 2004 and 2015. The ideal model would include proxies for
fishing effort, natural cycles of species, commercial fishing laws, management changes,
temperature, weather severity, salinity changes, social hierarchy changes etc. Due to data
limitations, the quantitative research question is: do increasing water temperatures have a
negative effect on the lobster industry? There is supplemental qualitative research
detailing possible effects on the aforementioned systems to gain a broader, more
complete analysis. The future of the lobster industry is unknown because the intensity of
climate change effects on each system would need to be known and this could not be
determined due to time constraints. This paper outlines possible preliminary effects.
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INTRODUCTION
Isolating the effects of climate change on any industry is inherently difficult
because there are numerous moving parts that must be taken into account to accurately
quantify the results. While this is a challenging task, this type of research is valuable in
making policy decisions for systems impacted by climate change. Climate change effects
are far-reaching, but this research focuses on the effects within the Maine lobster industry
between 2004 and 2015. The industry has several dynamic parts, including: the economic
system, biological system, management system, social system, and seafood supply chain.
The purpose of this research is to determine possible impacts on the Maine lobster
industry under the effects of climate change. The research included in this paper was able
to focus on several effects of climate change, including increasing water temperatures,
habitat loss, increased rates of disease, salinity changes, higher ocean acidification, and
predation rates. The tested hypothesis in the quantitative analysis is, do increasing
temperatures have a negative effect on the Maine lobster industry? A “negative effect” is
defined as a decrease in landings.
The ideal model would have both spatial and temporal variation, but due to data
restrictions, two separate regressions were needed. The evidence found in the regressions
is supplemented with qualitative research in order to more broadly analyze the Maine
lobster industry under several effects of climate change. Although this is a challenging
problem to address, the lobster industry brings hundreds of millions of dollars to Maine
each year, so determining possible effects due to climate change is imperative.
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This paper begins with background information on the lobster industry and
climate change impacts that could be observed in the Gulf of Maine lobster population.
The quantitative analysis follows with a focus on increasing water temperatures. The
discussion analyzes both the quantitative results as well as the qualitative research
presented in the background section.
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BACKGROUND
The background is composed of two sections; the first provides information on
the regulations of lobster fishing, the biological processes of lobsters, and the growth of a
foreign market for lobster. The second section focuses on climate change effects in the
Gulf of Maine, specifically the effects from: warming temperatures, habitat loss,
increased rates of shell disease, ocean acidification, and the status of lobster predators
and prey. The purpose of this section is to highlight how many moving parts are included
in the determination of climate change effects on the Maine lobster industry.

Lobster Industry Background
Although the Maine lobster industry provides a source of economic livelihood for
Maine families and fosters a sense of identity and pride through tradition, there is
significant competition among lobstermen on the coast of Maine.1 The coast is divided
into seven distinct lobstering zones (Figure 1), which provide regulations for lobstermen
across the state. (13-188 DMR §25.93-25.94)
The Social Component of Lobstering in Maine – Although not heavily researched
in this study, the social component of the Maine lobster industry is imperative to
understanding the incentives of lobstermen. The social system can be divided into two
overarching categories: identity and competition.

1

Hayden, A., & Garratt-Reed, G. (2008). A Climate of Change: A Preliminary Assessment of Fishermen’s
Observations on a Dynamic Fishery. Island Institute.
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Identity – The social identity of Maine is closely tied to many communities’
cultural identity. The island town of Vinalhaven reports that over half of its economy
depends on lobstering itself or related activities.2 Many coastal Maine towns rely on
lobstering and tourism to boost their economies. Sam Rosen, a lobstermen in Vinalhaven,
said that he hauled traps with his father beginning when he was five years old.3 He now
has his own license and fishes lobster for a living. He remarked in an interview with The
Atlantic that “You'll know everyone who's fishing in the waters around your area, and
chances are you'll know the people from other towns or ports that are fishing. If you don't
know someone, you probably know someone who knows them.”4 Most lobster zones
have a limited entry system, (discussed later in this section) making it difficult to break
into the industry. This, in addition to the zone boundaries, makes it fairly easy for
lobstermen to know their fellow competitors. The close knit lobstering communities may
help some build friends and allies, but for others, it is fierce competition.
Competition – To obtain a lobstering license in the state of Maine, one has to
complete a two-year apprenticeship in the zone they wish to obtain a license in. They also
must spend 1,000 hours and 200 days aboard a lobstering vessel with a licensed
fisherman.5 After the apprenticeship has been completed, the applicant is placed on a
waiting list. The wait varies for each zone due to the varying entry to exit ratios. Howard
Gray, a licensed lobsterman from Prouts Neck, must go out on his boat every day with his

2

Industry and Identity for the Maine Lobsterman. (2016, November 3). Retrieved December 13, 2016,
from http://dailysun.bowdoin.edu/2016/11/industry-and-identity-for-the-maine-lobsterman-the-atlantic/
3
Consider the Lobsterman. (2016, October 28). Retrieved December 13, 2016, from
https://www.theatlantic.com/business/archive/2016/10/consider-the-lobsterman/505691/
4
Ibid.
5
Maine Department of Marine Resources. (2012). Maine Lobster Apprenticeship Program [Brochure].
Author. Retrieved December 13, 2016, from https://www1.maine.gov/dmr/scienceresearch/species/lobster/documents/ApprenticeBrochureApril2012WEB.pdf
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son Charlie.6 At 77 years of age, Howard Gray must be on the boat in order for his son to
earn his living as a lobsterman. Charlie Gray has been on the wait list for his lobster
license since 2006 and likely will not obtain a license until next year.7 Entering the
industry takes years to do, but this is not the only competition a career lobsterman will
face.
There is a sense of community, discussed in the previous section, but there is also
a system of informal management, comprised of “harbor gangs.” Harbor gangs are
lobstermen from the same harbor who protect their territory by legal and sometimes
illegal means.8 If territory is infringed upon, retaliation may be to illegally cut rival traps.
Although lobstermen may know everyone within their own territories, the jagged Maine
coastline does not allow for easy access and communication between harbors.9 There are
both formal regulations (discussed below) and an informal code that lobstermen must
follow in order to preserve their own livelihoods in this competitive industry.
Due to the fact that the social system could not be quantitatively measured during
this research, this system should not be discounted. It informs the way lobstermen
interact with each other and their environment. In the recommendations section at the end
of this paper, it is suggested that future analyses focus on this system to better inform the
dynamic relationships at play.

6

Bell, T. (2011, August 14). So you want to be a lobsterman - The Portland Press Herald / Maine Sunday
Telegram. Retrieved December 13, 2016, from http://www.pressherald.com/2011/08/14/so-you-want-to-bea-lobsterman_2011-08-14/
7
Ibid.
8
Acheson, J. M. (1988). The Lobster Gangs of Maine. Hanover, NH: University Press of New England.
9
Ibid.
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Lobstering Regulations10 – In addition to the more general state laws, each zone is
responsible for its own regulations to ensure both the livelihoods of lobstermen and the
sustainability of the species. The following are several state regulations that lobstermen
in all zones must comply with:

Figure 1: Maine Lobster Management Zones A through G from the Department
of Marine Resources.11

1. All persons wishing to lobster must obtain a license and trap tags registered
to the fishing vessel.12
2. Buoys must be marked clearly with a lobsterman’s distinct colors and
license number.
3. A license holder may not tamper with or move a trap not marked with their
own license number.

10

The specific latitude and longitude boundaries, entry to exit ratios, and historical trap limit changes for
each zone can be found in the appendix.
11
Rubicam, C. (2002, August 9). Maine Lobster Management Zones. Retrieved November 1, 2016, from
Department of Marine Resources: http://maine.gov/dmr/science-research/species/lobster/zonemaps.html
12
State of Maine Department of Marine Resources. (2016). Department of Marine Resources Regulations
(13-188). Retrieved 2016, from DMR Laws and Regulations: https://www1.maine.gov/dmr/lawsregulations/regulations/index.html
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4. A legal lobster is between 3¼ inches and 5 inches long on its carapace (from
the eye socket to the top of the tail).13 Any lobsters landed outside these
measurements subject the fishermen to fees. This deterrence is in effect to
sustain the lobster populations.
5. All lobstermen are prohibited from landing any egg bearing female lobsters.
If any egg bearing females are caught, the lobstermen must make a V-notch
in her tail to protect her until she lays her eggs and molts.
6. Zone C is currently open access, meaning fishermen still need a license, but
they do not need to complete apprenticeship requirements before
lobstering.14
Lobster Habitat Requirements – Homarus americanus, an abundant species in the
Gulf of Maine, requires highly saline water to thrive. Highly saline water helps maintain
and strengthen lobster shells. Lobsters also require cold water temperatures to avoid
becoming physiologically stressed. Catch is maximized when the average annual sea
surface temperature is between 9°C and 11°C.15 Normally, lobsters migrate toward the
shore during warm months, requiring fewer vessel hours from fishermen to catch them.
Lobsters tend to migrate into deeper water in the colder winter months and many
lobstermen follow, baiting several traps in a line to catch “runs” of lobsters across the
ocean floor.16 Concentrations of lobsters are the highest in waters less than 55 meters
deep.17 Temperature is a significant factor in the migration patterns and overall health of
lobsters. It affects migration, growth rates, and mortality rates, which ultimately affects
lobster landings.
13

Maine Department of Marine Resources. (2016). DMR: Science and Research. Retrieved November
2016, from Lobster Measurement: http://www.maine.gov/dmr/scienceresearch/species/lobster/guide/index.html
14
Information regarding Zone C and the recent developments about changing the open access to restricted
access can be found in the appendix.
15 Giantz, Chapter 7: Maine Lobster Industry, 147-164.
16
Mills, Fisheries management in a changing climate, 191-195.
17
Giantz, Michael H. "Chapter 7: Maine Lobster Industry." Climate Variability, Climate Change and
Fisheries. Cambridge: Cambridge UP, 1992. 147-64. Web. 27 Feb. 2016.
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Lobsters are demersal crustaceans–creatures that live close to or on the floor of
the ocean–that molt in order to grow. Molting occurs between mid-June and mid-August
when the Gulf of Maine warms. At this time, lobsters are vulnerable because they have
shed their hard shells. They usually molt inside a kelp forest or in a safe haven to avoid
being easy prey.18
The Current Lobster Population – Homarus americanus populations have boomed
over recent decades, with the past four years resulting in annual landings of over 120
million pounds.19 Warming water temperatures could be contributing to an expansion of
deep-water habitats for younger lobsters in tandem with an increase in growth rate.20
Another possible reason for the lobster boom is that groundfish, a grouping of fish who
prey on young lobsters, were largely overfished in the 1980s and 1990s.21
One side effect of the increase in landings is that researchers say a decline is
almost inevitable. Rick Wahle, a scientist at the University of Maine, says that
underwater surveys demonstrate that fewer lobsters are reaching the “settlement” stage,
which is when younger lobsters grow large enough to sink to the bottom of the ocean
instead of floating in the water column.22 Some fishermen are worried about the
environmental factors associated with climate change. One lobstermen remarked,
“One of the things that I worry about more than anything else is environmental conditions
because we’ve seen in Long Island Sound and places south of Cape Cod where the fishery
can be wiped out almost overnight because of environmental factors—pollution, warm
18

St. Lawrence Global Observatory. (n.d.). American Lobster - Predator and Prey. Retrieved November
2016, from https://slgo.ca/en/lobster/context/foodchain.html
19
Maine Department of Marine Resources. (2016). Historical Maine Lobster Landings. Retrieved
November 2016, from DMR: Commercial Fishing: http://www.maine.gov/dmr/commercialfishing/landings/documents/lobster.table.pdf
20 Trotter, B. (2016, March 4). Lobster fishery hits record value, but industry wary of future. Retrieved
November 2016, from Bangor Daily News: http://bangordailynews.com/2016/03/04/business/lobsterfishery-hits-record-value-but-industry-wary-of-future/
21
Ibid.
22 Ibid.
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water … I think Maine has always been protected because of its cold water… I worry that if
it warms up just a little bit, we’re gonna have major problems.”23

Biological Trends and Tourist Season – If the waters continue to warm (this will
be discussed in the next section), then lobsters will stay farther offshore and/or head
northward into colder waters.. Larger vessels will be needed in order to harvest lobsters
that could once be caught close to shore. If ocean waters continue to warm, lobsters will
seek the cold water offshore and to the north. The lobster zones in Southern Maine may
see lobster landings decline if the lobsters migrate northward into colder water.
Tourist season in Maine normally coincides with the apex of lobster landings
(July to September) because new shell lobsters (lobsters that have molted and are now
legal size) are hungry after the summer molt. This vulnerability makes them easy for
lobstermen to trap because they eat the bait in lobster traps.24 This makes late summer
and early fall the busiest lobstering time, with approximately 2/3 of the annual catch
landed within these few months.25 This, combined with lobsters being a rich part of
Maine’s cultural identity, demonstrate the perfectly coincided supply and demand.
Normally, a high supply would lower the price that lobstermen receive for their catches,
but 2015 was a year where there was a steady high supply and demand increased. Lobster
prices cracked $4 per pound and saw landings over 120 million pounds.26 The growth in
demand (both domestically and internationally) allows the abundant supply to be
distributed instead of being wasted. It is no longer only tourists who desire Maine lobster.

23

Henry, A., & Johnson, T. (2015, April). Understanding Social Resilience in the Maine Lobster Industry.
Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science , 33-43.
24
Lemieux, C. (2015, June 28). The Lobster Season in Maine. Retrieved November 2016, from Mainely
Lobster: http://www.maine-lylobster.com/2015/06/the-lobster-season-in-maine.html
25 Giantz, Chapter 7: Maine Lobster Industry, 147-164.
26
Bell, T. (2015, October 9). Maine fishermen cash in as lobster cracks $4 a pound. Retrieved November
2016, from Portland Press Herald: http://www.pressherald.com/2015/10/09/maine-fishermen-cash-in-aslobster-cracks-4-a-pound/
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The opening of the East Asian market and the desire for processed lobster products (i.e.
lobster rolls at McDonald’s) allows for a higher equilibrium price.
Expansion into Foreign Markets27 – There are a growing number of lobster
processors in Maine and Massachusetts, growing the demand for Maine lobsters.28 More
companies are entering the lobster processing market because demand is increasing,
especially during tourist season. This leads to a price increase, which can be seen over the
short time frame of 2004 to 2015. Consumers of lobsters have a very high willingness to
pay for the product, even at the highest market price.
The President of the Maine Lobster Association, David Cousens, says that
lobstermen should focus on catching hardier lobster so they can make the trip to Asia
successfully.29 One way to do this would be to harvest lobsters later in the season when
the shells are harder.
Lobsters are shipped alive, vertically (claws up), separated between cardboard
slots. Wet paper is packed on the bottom to maintain humidity and ice packs are put on
top to keep temperature below 40°F. To ensure a lower mortality rate, it is best if shipped
hungry because they’ll stop processing waste. There is, on average, an 8% mortality rate
in soft shell lobsters when they are shipped to Asian markets.

Climate Change in the Gulf of Maine
A Brief History of Climate Change – With the rise of the Industrial Revolution

27

For information about the European request to ban Homarus americanus from their list of imports, see
the appendix.
28
Anderson, J. C. (2016, September 2). Lobster prices reach 11-year high at start of holiday weekend.
Retrieved November 2016, from Portland Press Herald: http://www.pressherald.com/2016/09/01/lobsterprices-reach-11-year-high/
29
Bell, From Down East to the Far East.
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came a significant increase in mining activities and the burning of fossil fuels. This
period marks the beginning of substantive human-induced changes to the atmospheric
composition. In 1927, carbon emissions from the burning of fossil fuels reached 1 billion
tons per year.30 In 1957, Roger Revelle and Hans Suess, an oceanographer and chemist
respectively, disproved the current thought that the ocean would absorb all extraneous
CO2 in the atmosphere. Revelle wrote, “Human beings are now carrying out a large scale
geophysical experiment.”31
Throughout the 1970s, there were increased concerns about “global warming,”
sparking the environmental movement. The 1970s witnessed two global energy crises,
which further strengthened the environmental movement.32 In 1988, the
Intergovernmental Panel on Climate Change (IPCC) was established. Two years later,
their first report said that the world had been warming steadily and that continued
warming is “very likely.”33
In 1992, the UN met to discuss climate change in Rio de Janeiro. The UN
Framework Convention on Climate Change was written. Its key objective is,
“stabilization of greenhouse gas concentrations in the atmosphere at a level that would
prevent dangerous anthropogenic interference with the climate system.”34 The United
States rejected the call for serious action. Five years later, the Kyoto Protocol was
introduced.35 This report links to the UN Framework Convention on Climate Change to

30

A brief history of climate change. (2013, September 20). Retrieved November 2016, from BBC Science
& Environment: http://www.bbc.com/news/science-environment-15874560
31 Ibid.
32
The Discovery of Global Warming. (2016, February). Retrieved November 2016, from
https://www.aip.org/history/climate/timeline.htm
33 Ibid.
34
BBC, A brief history of climate change.
35 The Discovery of Global Warming.
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act as an international commitment among countries to reduce their greenhouse gas
emissions. 36

Figure 2: Temperature anomalies based on a five-year mean37

Throughout the early 2000s, evidence of climate change mounted, but the United
States had yet to fully engage with other nations in the Kyoto Protocol. The US signed
the Kyoto Protocol in 1998, but not with the intention of ratifying the system into law.38
In 2006, The Stern Review reported that climate change could decrease global GDP by
up to 20% if left unchecked, but curbing it would cost about 1% of global GDP.39
In 2008, the majority of scientists agreed that even if all emissions ceased, there would be

36

United Nations. (2014). Kyoto Protocol. Retrieved November 2016, from United Nations Framework
Convention on Climate Change: http://unfccc.int/kyoto_protocol/items/2830.php
37
Hayden, A., & Garratt-Reed, G. (2008). A Climate of Change: A Preliminary Assessment of Fishermen’s
Observations on a Dynamic Fishery. Island Institute.
38 CNN Library, Kyoto Protocol Fast Facts.
39 BBC, A brief history of climate change.
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continued climate warming for centuries.40 Scientists have also reported that global
warming is not only continuing, but is speeding up and becoming more detrimental to the
current environment.
Last year, in 2015, scientists confirm that due to the amount of greenhouse gases in
the air, the loss of the West Antarctic ice is irreversible and will cause a subsequent rise
in sea level of several meters over the next hundred years.41 Additionally, research now
shows that 350ppm is the “tipping point” for atmospheric carbon if the current
environment is to be preserved.42 However, in 2013, the concentration of atmospheric
CO2 exceeded 400ppm.43

Figure 3: Atmospheric CO2 at Mauna Loa Observatory in Hawaii44

40

The Discovery of Global Warming.
Gillis, J. (2016, March 30). Climate Model Predicts West Antarctic Ice Sheet Could Melt Rapidly.
Retrieved November 2016, from New York Times: http://www.nytimes.com/2016/03/31/science/globalwarming-antarctica-ice-sheet-sea-level-rise.html?_r=1
42
Hansen, James, et al. Target Atmospheric CO2: Where Should Humanity Aim? Submitted April 7, 2008.
43
Blunden, J. (2014, July 13). 2013 State of the Climate: Carbon dioxide tops 400 ppm. Retrieved
November 2016, from NOAA: Climate.gov: https://www.climate.gov/news-features/understandingclimate/2013-state-climate-carbon-dioxide-tops-400-ppm
44
Tans, P. (n.d.). Long Term Trends in CO2. Retrieved November 2016, from NOAA ESRL:
http://www.pmel.noaa.gov/co2/story/Long+Term+CO2+Trends
41
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Figure 4: Global Carbon Emissions from Fossil Fuels in Million Metric Tons45

The following is a qualitative discussion of the distinct impacts of climate change
and their effect on the Maine lobster industry.
Warming Temperatures – The current climate trends show that oceanic water
temperatures are rising and oceans are becoming more acidic. The waters in the Gulf of
Maine (GOM) have been warming steadily since at least 1900.46 Since 1982, GOM water
temperatures had been increasing at .026°C annually. After 2004, the temperature change
rose to .26°C per year.47 Increases in temperature are predicted to alter the marine
environment significantly in the future. Research suggests that warming water
temperatures may cause the following challenges for Homarus americanus:
• Increased instances of disease
45

US Environmental Protection Agency. (n.d.). Global Greenhouse Gas Emissions Data. Retrieved
November 2016, from Climate Change: https://www.epa.gov/ghgemissions/global-greenhouse-gasemissions-data
46 Jacobson, G.L., I.J. Fernandez, P.A. Mayewski, and C.V. Schmitt (editors). 2009. Maine’s Climate
Future: An Initial Assessment. Orono, ME: University of Maine.
http://www.climatechange.umaine.edu/mainesclimatefuture/
47 Ibid.
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• Threats to their survival due to a decrease in salinity from heightened river runoff
• Lack of available food because of increased vertical stratification of the water
column
• Habitat shifts for many species on the Mid-Atlantic coast and in the Gulf of Maine
into more northern waters
Before the water temperatures exceed the maximum threshold at which lobsters
can thrive, the beginning of the upward trend in water temperatures may be beneficial for
the species. Lobster stocks have been increasing since the 1970s, as have the bottom
water temperatures. This warming aids in juvenile lobster development by quickening
their growth and reducing the time it takes for the lobster to reach sexual maturity.48
Slightly warmer temperatures mean lobsters are ready to reproduce earlier and at a
smaller size, growing the population more quickly. However, warmer temperatures also
bring more predators of young lobsters.49 If predators migrate into the Gulf of Maine
from the Mid-Atlantic, any increase in lobster population due to younger age of maturity,
could be dampened or even negated by the influx of predators.
Temperature increases also increase the stratification of the water column.50 This
means that less organic material (e.g. various types of plankton, the main diet of lobster
larvae) reaches the ocean floor.51 Pelagic fish (fish who are able to swim long distances
and live far from shore and toward the ocean surface) are favored by the increase in water

48

Ibid.
Butler, M., R.S. Steneck, and W. Herrnkind. 2006. The ecology of juvenile and adult lobsters. In
Lobsters: The Biology, Management, Aquaculture and Fisheries, ed. R. Phillips, 263-309. Oxford:
Blackwell Publishing Ltd
50
Kenneth T. Frank , R. Ian Perry & Kenneth F. Drinkwater (1990). Predicted Response of Northwest
Atlantic Invertebrate and Fish Stocks to CO2 –Induced Climate Change, Transactions of the American
Fisheries Society, 119:2, 353-365, DOI: 10.1577/1548-8659(1990)119<0353:PRONAI>2.3.CO;2
51
Gordon, A. (2004). The Climate System. Retrieved November 2016, from Ocean Stratification:
http://eesc.columbia.edu/courses/ees/climate/lectures/o_strat.html
49
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column stratification because the organic material hovers toward the surface.52 Lobsters
are a demersal species and are not favored by the increase in vertical stratification in the
water column.53

Figure 5: Warming temperatures bring a larger settlement for lobsters in the water
column.54

Phytoplankton booms happen in early spring and provide food for a significant
portion of the ocean ecosystem. As temperatures grow colder throughout the year, the
organic material on the surface sinks and cooler water from the bottom is displaced
toward the surface. Climate change will highlight the distinctness between the warmer
surface water and the colder deeper water, resulting in the limited mixing of organic
material throughout the ocean strata.55

52

National Oceanic and Atmospheric Administration. (2014, March 26). What are pelagic fish? Retrieved
November 2016, from National Ocean Service: http://oceanservice.noaa.gov/facts/pelagic.html
53
Scottish Government. (2015, December 3). Marine and Fisheries. Retrieved November 2016, from
Demersal Fish: http://www.gov.scot/Topics/marine/marine-environment/species/fish/demersal
54 Jacobson, Maine’s Climate Future. http://www.climatechange.umaine.edu/mainesclimatefuture/
55
Hayden, A Climate of Change.
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Figure 6: Peaking and waning of phytoplankton blooms.56 The North Atlantic Oscillation (described
below) brings with it a large influx of Autumn Phytoplankton, which provides food for Zooplankton.
Lobster larvae eat both phytoplankton and zooplankton, so the NAO could be a source of extra food
for lobsters in the future.57

Habitat Losses, Shifts, and Invasive Species – Fishermen in Maine have already
noticed changes in the migration patterns of lobster. Lobsterman, Jim Wotton, of
Friendship, Maine observed that the areas he normally fished in October are being fished
in August.58 Lobster populations are moving into deeper waters sooner than usual and the
fishermen must follow. The Gulf of Maine is an important transition zone for the
changing biodiversity that is to come if ocean temperatures continue to rise. The gulf is
currently the southern border of the cold-water species and Canadian fisheries. It is also
predicted to warm enough that Mid-Atlantic Bight species will claim it as a new habitat.
Some species migrated northward or farther away from the shore earlier than usual.
56
57
58

Ibid.
Jacobson, Maine’s Climate Future.
Hayden, A Climate of Change.
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The current composition of the Gulf of Maine is at the southern limit of many
species’ distributions. Warmer waters in the Gulf will shift the distributions northward
into Canadian waters. Although adult lobsters may move offshore or northward because
of the warmer temperatures, lobster eggs and larvae may reap a larger reward. Sustained
surface temperatures above 12°C are essential for Homarus americanus larvae to
survive.59 The higher temperatures could increase lobster recruitment (the number of
lobsters that survive to adulthood) and contribute to earlier molts, shifting the peak
lobster fishing season to earlier in the season, as it was seen in 2012.60
Species currently inhabiting the Mid-Atlantic region may shift northward into the
Gulf of Maine since ocean temperatures are forecasted to continue increasing. Among
such species are: Atlantic menhaden, butterfish, and red hake.61 One invasive species has
been present in the Gulf of Maine since the 1970s, but has recently increased rapidly–
Carcinus maenas, the green crab. The green crab is a competitor for lobster’s main food
sources – mussels and soft shell clams, both of which are viable fishing industries
respectively.62 Additionally, the demand for green crab is too low for it to be a profitable
market, so the DMR has employed efforts to contain this species to avoid further threat to
the fisheries. If more species like the green crab find their way into the warming waters
of the Gulf of Maine, the coastal biodiversity may shift significantly from its current
composition.
59

Harding, G.C., Drinkwater, K.F., Vass, W.P., 1983. Factors influencing the size of American lobster
(Homarus americanus) stocks along the Atlantic coast of Nova Scotia, Gulf of St. Lawrence, and Gulf of
Maine: a new synthesis. Can. J. Fish. Aq. Sci. 40, 1688184
60
Kenneth T. Frank , R. Ian Perry & Kenneth F. Drinkwater (1990). Predicted Response of Northwest
Atlantic Invertebrate and Fish Stocks to CO2 –Induced Climate Change, Transactions of the American
Fisheries Society, 119:2, 353-365, DOI: 10.1577/1548-8659(1990)119<0353:PRONAI>2.3.CO;2
61
Ibid.
62
Maine Department of Marine Resources. (2015, May 20). DMR: Science and Research. Retrieved
November 2016, from Green Crabs in Maine: http://www.maine.gov/dmr/scienceresearch/species/invasives/greencrabs/index.html
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Increased Rates of Disease63 – Warmer ocean temperatures open the Gulf of Maine
species to increased chance of disease. Such an event happened in the unusually warm
2012 season. 2012 saw the most intense oceanic warming event that had occurred in the
previous thirty years.64 Temperatures were three weeks ahead of where they fall
normally. The most intense warming occurred in the Labrador Sea, directly affecting the
waters in the Gulf of Maine because of the North Atlantic Oscillation.
The water in the Gulf of Maine is influenced by two opposing water patterns – the
Labrador Current and the Gulf Stream, which are part of the North Atlantic Oscillation
(NAO).65 The NAO brings cold, fresher water down from the Labrador Sea in Canada in
tandem with moving the warmer, saltier Gulf Stream northward. The area where these
two water patterns meet is directly in the Gulf of Maine (see Figure 4 below). The NAO
is currently in a positive phase, meaning the mixing patterns in the Gulf of Maine
between the cold, fresh water and warm, salty water will continue for the next fifty to one
hundred years.66 The NAO will likely become more exaggerated in winter and under
higher emissions scenarios (scenarios that assume emissions will continue to increase at a
rapid rate).67
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For information about mass mortality events, see the Long Island Sound mass mortality event section in
the appendix.
64
Mills, Fisheries management in a changing climate, 191-195.
65
Frumhoff, P.C., J.J. McCarthy, J.M. Melillo, S.C. Moser, and D.J. Wuebbles. 2007. Confronting Climate
Change in the U.S. Northeast: Science, Impacts, and Solutions. Synthesis report of the Northeast Climate
Impacts Assessment (NECIA). Cambridge, MA: Union of Concerned Scientists (UCS).
66
Frumhoff, Confronting Climate Change in the U.S. Northeast.
67
Ibid.
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Figure 7: The mixing of the cold fresh water from the Labrador current and
the warm, saline water from the Gulf Stream mix in the Gulf of Maine to
form the North Atlantic Oscillation.68

If the increase in freshwater in the Gulf of Maine is not substantial enough to
lower the salinity to a dangerous level for lobsters, the NAO could be a positive for
Maine lobsters. The Atlantic Ocean is the saltiest with 37 parts per thousand to the
average 35 ppt.69 One observed effect of climate change is an increase in speed of the
water cycle.70 The Atlantic Ocean already has “more evaporation than combined rainfall
and river runoff,” making it more saline than average.71 The faster water cycle – one
prediction says it could accelerate by 24% within the next century – would mean more
evaporation and more precipitation in areas that already experience a lot of rain.72 It
would also mean that arid regions will experience even less rain. With this and the fact

68

Gulf of Maine Area Census of Marine Life. (2016). Circulation. Retrieved November 2016, from About
the Gulf Oceanography: http://www.gulfofmaine-census.org/about-the-gulf/oceanography/circulation/
69
NASA. (n.d.). Sea Salt. Retrieved November 2016, from Global Climate Change: Vital Signs of the
Planet: http://climate.nasa.gov/quizzes/quiz-salinity/
70
Atmospheric warming altering ocean salinity and the water cycle. (2012, April 26). Retrieved November
2016, from Lawrence Livermore National Laboratory: https://www.llnl.gov/news/atmospheric-warmingaltering-ocean-salinity-and-water-cycle
71 NASA, Sea Salt.
72 Atmospheric warming altering ocean salinity and the water cycle.
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that the Atlantic Ocean experiences more evaporation than it does rainfall or runoff, there
will be more evaporation in the Atlantic Ocean on average, making the water more saline.
Salinity changes directly off the coast of Maine are more difficult to predict because there
are many rivers that feed directly into the bays where lobstermen work. The changes in
salinity depend on whether the river runoff can keep up with the increased evaporation.
Warmer water temperatures also proved favorable for bacteria that cause shell
disease in lobsters and other crustaceans. The disease is called epizootic shell disease
(ESD) and the bacteria eat away at the outer shells of lobsters and other shellfish.73 ESD
affects lobsters in three ways: it decreases the ability of female lobsters to produce and
bear eggs; it prevents some lobsters from molting – a fatal condition for this species; and
it damages the outer shells of lobster, lowering their market value. Although researchers
have not definitively proved that rising water temperatures is the cause of ESD, they
believe that there is a connection between the two because rising temperatures are
“environmental stressors” for lobsters, making their immune systems weaker and more
susceptible to disease in higher water temperatures.74
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Clark, A. (2015, November 13). Researchers study lobster shell disease to protect Maine’s iconic
industry. Retrieved November 2016, from UMaine News.
74
Violo, A. (2016, April 28). Fishery watches the ‘creep into Maine’ of lobster shell disease. Retrieved
November 2016, from Bangor Daily News.
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Figure 8 & Figure 9: Lobsters with Shell Disease75

Ocean Acidification – While many species in the ocean can escape temperature
increases by moving to a colder area, ocean acidification is virtually inescapable. Much
of the carbon that is emitted into the air settles into the oceans, changing the chemical
makeup of the water. The increase in acidification prevents some shellfish from being
75

Dove, A. (2012, October 23). The mystery of lobster shell disease. Retrieved November 2016, from Deep
Sea News.
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able to build their shells. However, increased acidification in the ocean can increase the
speed at which certain crustaceans, namely lobsters, can build their shells.76 This occurs
because additional CO2 binds with calcium that is already dissolved in ocean water.
These elements form calcium carbonate, the main ingredient in lobster shells. The study,
performed by Woods Hole Oceanographic Institution found that organisms that have
substantial protective coverings – lobster, coralline red algae, temperate urchins, and
mussels – built stronger, heavier shells under test conditions with CO2 levels at 600ppm
and 900ppm respectively. Contrastingly, organisms without substantial protective
coverings – tropical urchins, conchs, and hard clams – suffered shell damage and lower
rates of growth.77

Figure 10: The effects of CO2 on lobster development 78

76

Ocean acidification: a risky shell game. (2010). Oceanus Magazine , 48 (1), 6-7.
Ibid.
78 Ibid.
77
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A more acidic ocean may make the lobster stock hardier, barring any significant
destruction in lobster prey. Ignoring other factors, stronger lobsters would increase the
size of the East Asian market. The hardier lobsters would survive the journey to Asia,
lowering the mortality rate, and increasing the reliability of “Boston Lobster” supply in
Eastern Asia.
Climate Change Effects on Lobster Predators – The main predators of lobsters are:
cod, wolffish, sculpin, skate, cunner, and ocean pout.79 Ocean acidification almost
doubles the mortality rate for larval Atlantic cod when exposed to the predicted “end of
the century” CO2 rates.80 One study suggests that when exposed to high levels of carbon
dioxide, wolffish do not show any signs of inhibited growth, whereas another study
suggests that higher acidification will require wolffish to expend more energy regulating
their body chemistry; this could be a growth inhibitor.81, 82 While lobster larvae have
several other predators, the variations between Atlantic cod and wolffish in how they
perform in high carbon dioxide environments shows that the predation of lobster larvae
will shift if the ocean continues to acidify. Some species may thrive and earn more than
their current share of prey due to other predators dying out.
Climate Change Effects on Lobster Prey – Urchins, mussels, flounder, sand shrimp,
rock crab and whelk are all lobster prey.83 The Oceanus Magazine study stated that the
highly acidic test environment negatively impacted urchins, and mussels were more
79

St. Lawrence Global Observatory, American Lobster.
Stiasny MH, Mittermayer FH, Sswat M, Voss R, Jutfelt F, Chierici M, et al. (2016) Ocean Acidification
Effects on Atlantic Cod Larval Survival and Recruitment to the Fished Population. PLoS ONE 11(8):
e0155448. doi:10.1371/journal.pone.0155448
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Melzner, F., Gutowska, M. A., Langenbuch, M., & Dupont, S. (2009, October 30). Physiological basis
for high CO2 tolerance in marine ectothermic animals: pre-adaptation through lifestyle and ontogeny?
Biogeosciences , 2313-2331.
82
Ishimatsu, A., Hayashi, M., & Kikkawa, T. (2008). Fishes in high-CO2, acidified oceans. Marine
Ecology Progress Series , 373, 295–302.
83 St. Lawrence Global Observatory, American Lobster.
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similar to lobster in that they built stronger shells.84 Both of these outcomes could be
challenges for lobsters. Urchins may see population declines, but mussels becoming
stronger may mean that lobsters expend more energy working for their food. The
relationship between lobsters and their prey – much like the relationship between lobsters
and their predators – will likely change with a more acidic environment. The severity of
the changes depends on many factors outside of the food web and ocean acidification.
Because of the uncertainty in the lobster food web, it is difficult to say what would
happen to the lobster population or the industry as a whole. If the prey survives in
stronger numbers than the predators, the lobster population could increase and the
lobsters could have harder shells. This would help both the domestic and foreign markets.
However, if the predators survive better than prey, the lobster population could see a
significant decline in the Gulf of Maine.
The 2009 Maine’s Climate Future report predicts that the Gulf of Maine will see a
decrease in salinity in the future due to the melting northern ice caps.85 If this occurs, it
may pose a problem for Homarus americanus because they need highly saline water to
survive. A low salinity can present a much greater threat to lobsters than does a high
salinity rate.86
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Ocean acidification, 6-7.
Jacobson, Maine’s Climate Future.
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METHODS
Introduction of Methods
This section begins with the ideal theoretical model to outline the proper
measurement to answer the question: how will the lobster industry be affected by climate
change? Later in the section, the empirical methods and implemented data set are
presented. There were many data restrictions, including lack of data: that varied in both
time and space and micro level data that would inform the true relationships between the
biological, economic, management, social, and demand systems.

Theoretical Model
Figure 8 demonstrates the interactions between the economic system, biological
system, management system, social system, and the seafood supply chain. It acts as an
overview of topics covered in the Background section as well as a reference for the ideal
theoretical model.
The Biological System – The key agents in the biological system are the lobster
population and the Department of Marine Resources (DMR). This system acts as the
supply for the theoretical equation. As seen in the background, temperature, salinity,
ocean acidification, weather patterns, predation rates, and rates of disease all affect the
lobster population. If the lobster population cannot survive sustainably–with or without
regulations from the DMR–then there will be little supply left to make lobstering a viable
industry.
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The Management System – This system regulates supply. The key agents are the
lobstermen, both current and new entrants, and the DMR. The DMR has the
responsibility of protecting Maine lobster from becoming overfished. This is why they
employ state regulations (examples of which can be seen in the background section).
Zone regulations, licenses and limited entry, and trap tag limits are all implemented for
the protection of the Maine lobster population.

Figure 11: Demonstrates interactions between systems.

The Seafood Supply Chain – This system acts as the demand in the theoretical
model. Demand comes from both domestic sources–such as dealers, processors, local
restaurants, and tourists–as well as foreign sources, including the demand in the East
Asian markets.
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The Social System – The social system underscores all of the decisions that the
lobstermen make. The key agents are the DMR and the lobstermen. There is formal
enforcement and informal enforcement in this system. An example of formal social
enforcement is through the Maine Lobstermen’s Association, an organization that lobbies
for the protection of the livelihoods of lobstermen. Informal social enforcement can be
through legal means or illegal means. Legal informal social enforcement can be the
attachment a lobsterman feels to place or the closeness of a fishing community. Illegal
informal social enforcement would include the harbor gangs, mentioned in the
background section for James Acheson’s work.
The Economic System – This system is where the interaction of supply and
demand takes place. The cost of inputs is reflected in the price, which heavily depends on
the biological system via landings and revenue. The economic system is where one can
see the monetary results of the biological system interacting with the management, social,
and demand systems respectively.

The Ideal Data Set
The ideal data set to determine the effects of climate change on the Maine lobster
industry would include variables to proxy for the following:
•

Economic System: opportunity cost of fishing lobster compared to other species,
the supply of lobsters, the price

•

Biological Systems: stock assessment for lobsters, their prey, and predators,
weather patterns, water temperature changes, acidification changes

•

Management Systems: fishing effort, zone regulations, and limited entry systems

•

Seafood Supply Chain: both domestic and foreign demand for Maine lobsters
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•

Social Systems: lobstering through harbor gang associations, acceptance level of
new entrants into the industry
Note: The social system is outside the scope of the analysis, but being that it is an
important system to the industry, future analyses should focus more efforts on
measuring this system.

Variables within each aforementioned category could include the following:
•

Economic System: price or revenue, landings in pounds, cost of inputs (managing
boats, traps etc), opportunity cost of lobster fishing compared to other fisheries,
and alternative sources of income

•

Biological System: water temperatures at multiple depths, salinity, water quality,
availability of prey, abundance of predators, mating and molting times, and age
structure of population

•

Management System: zones, licenses and/or trap tags, regulations for protection of
species, changes in limited entry system or other restrictive laws, and lobbies for
fishermen’s rights

•

Seafood Supply Chain: all domestic and foreign demand, tourism, abundance of
lobster processing, current events suppressing demand (European ban)

•

Social System: informal management of limited entry systems via acceptance into
the harbor gangs

Empirical Methods and Data Set
Ideally, all climate change effects could be included in a model to determine the
impact on the lobster industry. However, time constraints and data restrictions only
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allowed for the effects of warming temperatures on the industry. The question posed for
the quantitative piece of this research is:
What are the effects of increasing temperatures on the Maine lobster industry?
The hypothesis tests are as follows:
H0: Rising temperatures do not have a negative effect on the lobster industry87
HA: Rising temperatures have a negative effect on the lobster industry

The Implemented Data Set
Due to data limitations, the question that can be answered is: do increasing water
temperatures have a detrimental effect on the Maine lobster industry? The following
variables were collected by zone and by month respectively to make two separate
models–one that varies spatially and one that varies temporally–to answer this question.
Although the best method would be to make one model with spatio-temporal variation,
data restrictions only allowed for two separate models.

Variables Included in Data Set
•

Lobster landings (in millions of pounds)88

•

Value of the lobster fishery via price per pound (converted from nominal dollars
to real 2015 dollars; see conversion method in Appendix)

•

Air temperatures along the coast of Maine89
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A negative effect, as mentioned in the introduction, is a decrease in landings.
Maine Department of Marine Resources. (2016, February 19). 2004-2015 Maine Commercial Lobster
Landings. Retrieved November 2016, from https://www1.maine.gov/dmr/commercialfishing/landings/documents/04-15LobByCntyMoZone.pdf
89
Due to data restrictions in water temperature data, air temperatures in the Gulf of Maine were correlated
with water temperatures at depths of 1m, 20m, and 50m. For more information, see the appendix.
88
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•

Trap tags by zone (assuming that amount of tags does not vary by month because
licenses, which are directly connected to trap tags, are held for one calendar year
before they are renewed or retired)90

•

Value of all other Maine fisheries to control for for the opportunity cost of lobster
fishing compared to any other fishery (converted from nominal dollars to real
2015 dollars)

Models
Because there is likely a correlation between the errors of the dependent
(landings) and independent variables (price), a two-stage least square regression (2SLS)
was used to determine the coefficients for each model. Price is a variable that should not
be ignored in this model, so in effort to circumvent the endogeneity problem between
these two variables, 2SLS regressions were used.
The instrumental variable used in the 2SLS equation was temperature.
Temperature is exogenous to the model, meaning that its errors are not likely correlated
with the errors in the model. However, the errors for temperature are likely correlated
with price due to the seasonality of supply and demand. Ideally, the instrument for the
2SLS equation would not be included in the OLS equations listed below, but data
restrictions did not allow for another appropriate variable to be used. Future research
should attempt to utilize an instrument outside the OLS model.
Below are the OLS equations used to determine the results:
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Maine Department of Marine Resources. (2016). Lobster & Crab Harvesting 2016. Retrieved November
2016, from Maine Marine Dealer and Harvester Licenses, and Saltwater Recreational Fishing Registry:
http://www.maine.gov/dmr/commercial-fishing/licenses/documents/2016Lobster123.pdf
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Maine Monthly Model
ln(Landings)= α1 ln(Price) + α2(Temperature) + α3(Temperature)2 + α4(Commercial Trap
Tags) + α5 ln(Value of Other Fisheries) + Month Dummy + Year Dummy + ui
Management Zone Annual Model
ln(Landings )= ß1ln(Price) + ß2(Temperature) + ß3(Temperature)2 + ß4(Commercial Trap
Tags) + ß5 ln(Value of Other Fisheries) + Zone Dummy + Year Dummy + ui

Assumptions
1. Landings data is not available by month and by zone, so there are two regressions.
One varies spatially by zone and one varies temporally by month. Analyzing the
results together may illuminate the effects of temperature changes on lobster
landings by month and by zone. However, there is a loss in variation because in
each regression, there is a significant static element (no time variation and no
spatial variation respectively).
2. There are many effects of climate change, but this analysis focuses on one aspect
of climate change – temperature changes. Ideally, water temperature changes
could be included in lieu of a proxy (air temperature).
3. Variables that should be included in future models are: stock assessment for
lobsters, their prey, and predators. The way these species interact with each other
matters. If there is an abundance of prey or predators in a particular month or
area, it will affect the lobster population and therefore the amount of lobsters
available to be caught by fishermen. This impacts landings and ultimately the
value of the market itself.
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4. An aggregate of the value for all other species is included in this analysis in order
to account for the control for the market. However, there is no spatial variation
because zones are only for the lobster fishery. There is also no temporal variation
because the aggregation of this data is only reported annually by the DMR and
time constraints did not allow for a more detailed search for monthly reports. The
annual reported values are divided by twelve for the monthly regressions and by
seven for the zonal regressions.
5. Air temperature is a proxy for water temperature, so some variation and insight
into the true population mean is lost
6. The trap tag data does not vary throughout the year because the trap haul data was
not available. This assumes that the traps are in the water all year, meaning the
amount of lobsters caught will be constant throughout the year. The proportion of
the landings (by month and by zone) caught by any specific vessel and trap tags
are unknown. This means that the fishing effort is weighted the same across zones
and across time. This assumption would mean that each vessel hauls the same
amount of lobsters per day and per year.91

91

Methods for filling in empty cells in trap tag data are in the appendix.
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Summary Statistics
The following tables and graphs show the distributions of each variable. The
graphs show the shape of each variable across the time frame and along the coast of
Maine, respectively. This section informs the shapes chosen in the models.
Landings
Type
Minimum
Quartile 1
Median
Mean
Quartile 3
Maximum

Monthly Landings
(in millions of
pounds)
.18248
1.20492
3.92038
7.86162
13.19409
33.30765

Landings by Zone
(in millions of
pounds)
2.736
6.172
12.124
13.45
18.566
33.69

Annual Landings (in
millions of pounds)
63.976
71.158
88.692
94.339
121.819
127.808

Table 1: Lobster landings have been increasing since 2007, despite an annual 0.26 degree increase in
water temperatures.92

Price per Pound (in dollars)
Minimum
$2.25
Quartile 1
$3.80
Median
$4.81
Mean
$4.86
Quartile 3
$5.74
Maximum
$10.46
Table 2: The molting times and other biological factors affect the price per pound in addition to the
seasonality of the price.

Trap Tags
Commercial Trap Tags (in thousands)
Minimum
349.51
Quartile 1
898.36
Median
1007.51
Mean
1006.55
Quartile 3
1131.99
Maximum
1977.38

92

Jacobson, G.L., I.J. Fernandez, P.A. Mayewski, and C.V. Schmitt (editors). 2009. Maine’s Climate
Future: An Initial Assessment. Orono, ME: University of Maine.
http://www.climatechange.umaine.edu/mainesclimatefuture/
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By Month
Overall, there has been a decrease in trap tags. Class III, the class of largest vessel size,
has had a significant increase in trap tags since 2012.
By Zone
There is no obvious pattern in number of trap tags dropped across the state of Maine
over the time frame.
Temperature
By Zone and Month

Figure 12: Shows the temperature trend across all zones from 2004 to 2015. The temperature has been
relatively constant over the time frame of available data.
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Aggregate Value of Other Fisheries
Type

Millions of Pounds

Minimum
Quartile 1
Median
Mean
Quartile 3
Maximum

223.90
251.2504698
270.48
272.20
293.6533138
318.34

Value of All Other
Fisheries (in
Millions of Dollars)
360.9215794
445.2063736
498.5120781
492.0401999
545.8408032
616.552118

Table 4: Aggregate Value of Other Fisheries

Note: Other fisheries are not separated by zone, so there is no spatial variation in this
variable. There are also no monthly reports of the whole fishery and due to time
constraints, reports from select fisheries could not be gathered. This should be done in
the future to obtain more variation for this variable.
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RESULTS
The monthly model had an adjusted R-squared value of .944, which means that
approximately 94.4% of the variation was explained by the model. The zonal model had
an adjusted R-squared value of .87, meaning that about 87% of the variation was
explained by the model. The results from both models suggest that the change in
temperature over the time frame is very small and not statistically significant. With this,
there is insufficient evidence to reject the null hypothesis that warming temperatures do
not have a negative impact on the lobster industry.

Results by Month
Sample Size

136

Degrees of Freedom

113

Multiple R-Squared

0.949

Adjusted R-Squared

0.944

Note: Landings (left hand side variable) is scaled to millions of pounds and it is the
percent change in landings by month and by zone respectively.
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Results by Month Continued
Note: Statistically significant values are in bold
Variable
Intercept

0.466

0.954

0.489

Significance
Level
0.626

ln(Price)

0.092

0.031

2.992

0.003

Temperature

0.001

0.018

0.042

0.966

Temperature2

0.000

0.000

0.960

0.339

-0.075

0.013

-5.797

0.000

Commercial Trap Tags

Estimate

Standard Error

t-Value

Aggregate Value of
Other Fisheries
February

0.504

0.169

2.975

0.004

-0.826

0.103

-8.001

0.000

March

-0.952

0.133

-7.181

0.000

April

-0.508

0.188

-2.699

0.008

May

0.063

0.259

0.245

0.807

June

0.205

0.347

0.591

0.556

July

1.121

0.444

2.526

0.013

August

1.592

0.425

3.743

0.000

September

1.704

0.337

5.050

0.000

October

1.991

0.238

8.374

0.000

November

1.759

0.174

10.096

0.000

December

1.081

0.121

8.962

0.000

Table 5: Results by Month
This table suggests that a 1% increase in price results in a .092% increase over
time in landings at the .005 significance level. The change in temperature over the time is
found to not be significant. The results also suggest that for every 100,000 more trap tags
dropped, landings will decrease over time by .075%. For every 1% increase in aggregate
value of all other fisheries, lobster landings will increase over time by .504%. The latter
two findings are significant at the .005 significance level.
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Results by Zone
Sample Size

83

Degrees of Freedom

76

Multiple R-Squared

0.820

Adjusted R-Squared

0.803
Estimate

Standard Error

Intercept

-14.163

9.169

-1.545

Significance
Level
0.127

ln(Price)

0.286

0.250

1.143

0.257

Temperature

0.635

0.404

1.571

0.121

Temperature2

-0.006

0.005

-1.425

0.156

Trap Tags

-0.221

0.1011

-2.183

0.032

Variable

t-Value

Aggregate Value of
Other Fisheries
Zone B

0.518

0.275

1.883

0.064

-1.283

0.307

-4.173

0.000

Zone C

-0.220

0.155

-1.415

0.161

Zone D

-0.014

0.118

-0.116

0.910

Zone E

-2.004

0.362

-5.534

0.000

Zone F

-1.035

0.184

-5.639

0.000

Zone G

-2.44

0.357

-6.826

0.000

Table 6: Results by Zone
This table suggests that price and temperature over the time frame is very small
and found to not be significant. The results also suggest that for every 100,000 more trap
tags dropped, landings will decrease by .221% across the coast. For every 1% increase in
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aggregate value of all other fisheries, lobster landings will increase by .518%. The latter
two findings are significant at the .05 and 0.1 significance level, respectively.
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DISCUSSION
While both models had high adjusted R-squared values, they also suggest that
increasing temperatures have little effect on the Maine lobster industry, which is
inconsistent with intuition and what other research states. There is not enough evidence to
reject the null hypothesis that warming temperatures do not have a negative impact on the
lobster industry, but this could be due to the small time frame. A larger time frame and
spatial scale could introduce more variation into the data set, increasing the robustness of
the sample.
The lack of evidence to reject the null hypothesis could also stem from the
temperature threshold lobsters can endure. Warming waters are beneficial to lobsters until
a maximum threshold, at which lobster mortality increases. The years between 2004 and
2015 do not likely represent a large enough time scale to reflect this threshold.

Comparison of 2012 Gulf of Maine Conditions with 1999 Long Island Sound Conditions
2012 Gulf of Maine – The 2012 season saw an unseasonably warm winter.
Slightly warmer temperatures are beneficial for juvenile lobsters that are developing into
adults. Under slightly warmer conditions, juvenile lobsters can grow faster and larger,
causing an earlier molt.93

93

Tremblay, J., Lavallee, J., & Claytor, R. (n.d.). Warmer Temperatures, Molt Timings, and Lobster
Seasons in the Canadian Maritimes [Presentation]. Bedford Institute of Oceanography, Dartmouth, NS.

41

Lobstermen are accustomed to catching hard shell lobsters in April and May, but
in 2012, there was a glut of new shell lobsters, or “shedders” at this time.94 Hard shell
lobsters are worth, on average, two dollars more than new shell lobsters because they
have more meat and they are easier to ship.95 Because the lobster industry is a (regulated)
common pool resource, lobstermen caught as many new shell lobsters as they could in
order to sell more product. However, the glut in early spring–before tourism rates are
high–caused the price of lobster to go down to $2.69.96 The Maine Lobstermen’s
Association asked the Department of Marine Resources to temporarily shut down the
market to drive the price back upward, but the DMR declined because it was not in the
best interests of the lobster populations.97
The lobster landings in 2011 broke 100 million pounds for the first time in
history. In 2012, landings jumped to 127 million pounds despite the earlier molting
times.98 Although 2012 was not as profitable for lobstermen, the warmer temperatures
seemed to be beneficial for the lobster population, itself.
1999 Long Island Sound – In 1999, there was a large mortality event (decline in
populations by 99% in some places) for lobsters in the Long Island Sound.99 Lobstermen
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found 5 dead new-shell lobsters in their traps for every 1 living lobster. Those lobsters
that were strong enough to be caught were often too weak to survive the trip to the
consumer, even if properly stored and cooled. Lobstermen also saw higher instances of
shell disease. The culprit of this mass mortality event is thought to be high temperatures
and a parasitic amoeba.100 The winter from 1998 to 1999 was warmer than usual, as were
the summer temperatures. The oxygen deprived “stress threshold” for lobsters is around
20°C, but for 83 consecutive days, bottom temperatures were higher than the stress
threshold.101
There was a high presence of organic material in the water and this, coupled with
the high temperatures, deprived the water of oxygen. Low dissolved oxygen at 24°C
killed 90% of the lobsters in 8 days.102 Lobsters became stressed and there were many
areas that were hypoxic. Lobster migration patterns showed that they moved from
shallower, warmer areas to cooler, deeper areas. They were also found on the edge of
hypoxic regions to avoid oxygen deprivation. In tandem with all temperatures stresses,
there was a parasitic amoeba – thought to have grown quickly because of the warm
temperatures – that caused many other lobsters to have shell diseases.
Case Study Conclusion – The comparison of these two varying temperature
conditions suggests that lobsters can tolerate warm waters until a certain threshold, at
which point, they become physiologically stressed. The 2012 season had warmer
temperatures that seemed to aid in juvenile lobster development, but the molting time was
earlier than normal. Warm waters can bring food, but they can also bring increased rates
of disease and predators from the mid-Atlantic. If climate change is to continue, there
100
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may be years of high landings with off timing similar to 2012, or the industry could turn
into something more similar to the 1999 Long Island Sound conditions.
2012 was unseasonably warm, but not so warm that it caused a mass mortality
event similar to that of 1999 in Long Island Sound.103 If the model were changed to
reflect this threshold, then temperature may become a statistically significant variable.
Similarly, if a larger temporal and spatial scale were utilized, the model may suggest that
temperature is a significant variable. Data limitations restricted the window of time and
space that could be used for this model. Due to the data limitations, the values of the
regression estimates are not weighted significantly in this analysis. The signs of the
variables will be considered more heavily in order to complete the prediction of what
could happen to the Gulf of Maine lobster industry.

Combining Results of Month and Zone Models
Price: An estimate of .092 in the month model and a statistically insignificant
value in the zone model were collected. Combining these two estimates cannot be done
without further analysis due to the lack of statistical significance found in the zone
model.
Temperature: Both estimates were found to be insignificant for temperature
changes. This could be due to a small temporal and spatial frame and is likely not true for
the real population. The rest of the analysis will use evidence from other studies that a
continued increase in water temperatures will result in a decrease in landings.104, 105, 106
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Commercial Trap Tags: The monthly regression produced an estimate for
commercial trap tags of -0.075 and the zonal regression produced that of -0.221. Both
were found to be significant. Combining these results could mean that for an increase of
100,000 trap tags dropped, there is a decrease in overall landings (the magnitude of which
cannot be determined without further research). This also does not take into account the
possibility of overfishing. To do this, a population model revealing birth rate, mortality
rate, rate of new shell lobsters, predation rates etc. would need to be included.
Aggregate Value of Other Fisheries: Both estimates for this variable were
positive. This may suggest that an increase in the aggregate value of other fisheries across
the state and over time may result in an increase in value of the lobster fishery. This
assumes that the lobster fishery will be functioning indefinitely. If all the lobsters were to
die out or move further north, there could be an increase in the value of other fisheries
because demand shifts to a lobster substitute. However, over the data frame, this finding
is consistent with intuition.

Further Discussion
It is difficult to ascertain the future of the lobster industry using the currently
available open source data. The following section outlines the interactions among the
economic, management, and biological systems (assuming constant demand) and what
could happen if climate change continues at the same or elevated rates.
Economic System – The cost of inputs (boats, traps, licenses, etc.) is shown in the
price. That cost also affects the entry into the market, in that if there is a promise of
profitability, more will try to enter the market. The management system formally limits
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entry, but fishermen who already hold a license may fish more to make a higher profit.
This need for income drives the social acceptance and informal limits of entry through
the harbor gangs’ competition for higher catches.
If climate change continues, then there will be increased uncertainty about the
lobster population until ultimately the lobster population thrives, moves, or dies. During
the interim period, lobsters may become hardier and larger in addition to molting earlier
(see Biological System section). In this scenario, landings (supply) would likely increase,
pushing the price downward – assuming constant demand. Fishermen would have to
increase their catch in order to stay profitable, resulting in increased competition among
fishermen.
Management System – The formal management system works to find the balance
between maximizing profits for fishermen and sustaining the lobster population.
Currently, most zones allow for 800 traps per commercial license to be dropped.107 This
is for protection of the species to avoid overfishing and a crash in the industry.
Climate change effects could call for a revision of the current regulations. If the
population moves northward or begins to die out, a trap limit of 800 per vessel may be
too high. The population could be overfished with the current regulations so restrictions
on licenses may be necessary. The competition – of a formal nature through license and
trap tag restrictions and of an informal nature through harbor gangs – would likely
increase. The DMR will have to prepare for the changes to the industry quickly and
frequently in order to accommodate the most people while sustaining the species, if
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possible. Additionally, if the species simply migrates northward, the southern zones may
be eliminated and the northern zones may see higher profits.
Biological System – The lobster population will undergo changes with continued
temperature increases. Before the temperatures are above the threshold that a lobster can
tolerate, there will be a transition period where juvenile lobsters grow more quickly,
resulting in earlier molts. 2012 was an example of warmer temperatures causing earlier
molts and higher landings.108 The health of the lobsters has been stronger in recent years
because the temperatures are warm enough for increased growth rates, but not so warm
that there are more instances of shell disease.109 An influx of healthier lobster preserves
the reputation of “Boston Lobster” in the East Asian markets.110 Healthier lobsters that
can make the journey to Asia successfully will ensure reliability of the product in the
market. As already seen, this leads to increase in demand in foreign markets.
Domestic demand is also influenced by supply. Marketing strategies in Maine
focus on highlighting the seasonality of lobster. The “get it while you can” attitude
increases consumers willingness to pay for lobster.111 Assuming that tourism stays fairly
consistent with its current trend, demand will continue to vary seasonally. If there is a
substantial increase in supply, then domestic demand may increase as well because of
lower prices and the marketing strategies will begin to showcase the versatility of lobster,
as seen in 2012 and 2013.112
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If temperatures in the Gulf of Maine continue to rise near or past the threshold
that lobsters can comfortably tolerate, the lobster population will move northward, farther
offshore, or there will be mass mortality events similar to the Long Island Sound event in
1999.113 All three of these options will limit Maine lobstermen from catching a profitable
amount of lobster. The supply of Gulf of Maine lobster could be eliminated completely if
water temperatures increase enough. “Boston lobsters” could be replaced by lobsters
caught in Canada or by the Australian rock lobster. The domestic demand for lobster
could be outsourced or it could shift completely to a lobster substitute, such as soft shell
clam.
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CONCLUSION
Although the future of the Gulf of Maine lobster industry is still uncertain, this
analysis helps to provide insight on possible effects. The relationships among the
economic, biological, management, and social systems are exceedingly complex, but they
must be quantified to produce a robust quantitative analysis. These systems will all be
affected due to climate change-induced temperature increases within the Gulf of Maine.
These systems are dynamic and species within these networks–human, crustacean, or
otherwise–will respond and act in their own best interests.
Other research and observed occurrences show that high enough temperatures can
cause mass mortality events and other negative impacts on lobster populations. Homarus
americanus thrives in cold temperatures. What will happen to the Gulf of Maine lobster
population and the lobster industry before and after water temperatures reach this
threshold is still uncertain.
This research highlights possibilities based on a limited two-stage least squares
regression analysis, but there were many data limitations and assumptions that had to be
made, decreasing the amount of variation within the spatial and temporal model
respectively. In future analyses of changes in this industry due to climate change, a
spatio-temporal model encompassing both spatial and temporal variation will provide
further insight on future landings. Using a larger time scale and area of interest will also
introduce more variation and explanatory power into the model.
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Recommendations for Future Research
1. Choosing a dependent variable other than landings may indicate whether or not
climate change has a negative impact on the lobster industry. Examples of
appropriate dependent variables include: change in value of licenses or change in
aggregate value of the industry.
2. Obtaining more micro level data will aid in proxying for all relevant variables and
introduce more explanatory power into the chosen model.
3. Using a model that varies across time and space will also introduce more variation
and explanatory power into the model. Variation is lost when temporal and spatial
variables cannot be measured together.
4. If future models use two-stage least squares regression methods, choosing and
instrumental variable that is not in the final OLS regression would be ideal. This
research could not include a variable completely outside the model due to data
limitations in finding an appropriate instrument.
5. Due to the seasonality of supply and demand in this industry, future models
should accommodate for the seasonal changes. Constructing models for each
season could aid in isolating factors that affect both supply and demand.
6. Incorporating a lag time between air and/or water temperatures and landings
should be considered because the effects of temperature change are not likely
reflected immediately. It may take time for the lobster population and therefore
landings to respond to certain environmental effects.
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7. Future analyses should also focus more effort on the social system, as it
underscores the choices of the lobstermen regarding fishing effort. It also
encompasses social enforcement and acceptance in the industry.
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APPENDIX
Limited Entry and the Access to Zone C
An open access lobstering zone is helpful for those entering the lobstering
industry. In all other zones, apprentices wait years before earning their spot due to entry
and exit ratios. To enter the lobster industry, one must complete the Lobster
Apprenticeship Program by apprenticing a sponsor who has held a commercial lobster
license for five years or more.114 “Lobstermen must do 1,000 hours of training over 200
days as an apprentice to a licensed lobsterman from the zone where they live and will fish
before they can apply for a state license.” 115
The limited entry system is in place to avoid overfishing of lobster and to preserve
the livelihoods of the current fishermen. Limiting the number of licenses and the amount
of lobsters caught protects the population of lobster. This also concentrates the profits to
those who were able to obtain a license. If there were no limited entry system, the wealth
would be spread too thin to make a living in the industry. Having the restrictions on entry
helps preserve the market by keeping the financial incentives intact and lowering the
opportunity cost to lobster fishing.
However, open access zones are beneficial for those who wish to enter the
market. With an open entry system, lobstermen from outside the region can drop traps

114

Maine Department of Marine Resources. (2012, April). Limited Entry Brochure. Retrieved November
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and compete with lobstermen who live in the area. The only current open access zone in
Maine is Zone C, near Stonington. This zone is favorable to those entering the lobster
industry because there are no entry-exit ratios barring them from lobstering upon the
completion of the apprenticeship requirements.
A recent vote was held in September to restrict access to Zone C. Almost 75% of
current lobstermen in this zone responded in a survey that they want to restrict access. 116
This change would restrict access to a 1:1 exit ratio.117 For the 2016 summer and fall
season, Zone C is closed to outside lobstermen, but will reopen in the winter. The Zone C
Lobster Zone Management Council overwhelmingly voted to restrict access.118 The
restriction will take affect before the start of next year’s season so Maine will no longer
have any open access lobster zones.119

Lobster Zone Locations and Trap Limits120, 121
Zone A: 43°58' N. 67°22' W.
• A trap limit of 1200 as of June 1, 1998
• A trap limit of 1000 as of March 1, 1999
• A trap limit of 800 as of March 1, 2000
Zone B: 43°41' N. 68°00' W.
• A trap limit of 1000 as of March 1, 1999
• A trap limit of 800 as of March 1, 2000
Zone C: 43°12' N. 69°00' W.
• A trap limit of 1000 as of March 1, 1999
116
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•

A trap limit of 800 as of March 1, 2000

Zone D: 42°49' N. 69°40' W.
• A trap limit of 1200 as of March 1, 1998
• A trap limit of 1000 as of March 1, 1999
• A trap limit of 800 as of March 1, 2000
Zone E: 42°15.5' N. 69°40' W.
• A trap limit of 800 as of March 1, 1998
• A trap limit of 700 as of March 1, 1999
• A trap limit of 600 as of March 1, 2000
Zone F
• A trap limit of 1000 as of March 1, 1999
• A trap limit of 800 as of March 1, 2000
Zone G: 42°05.5' N. 70°14' W.
• A trap limit of 1200 as of March 1, 1998
• A trap limit of 1000 as of March 1, 1999
• A trap limit of 800 as of March 1, 2000
Entry to Exit Ratios for all zones122
• Zone A has an entry exit ratio of 1:3
• Zones: B, D, E, F, & G have an entry exit ratio as 1:5
• Zone C is the only current open access zone

122

Ibid.
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Historical Trap Limit Changes123

Figure 13: Historical trap limit changes along the coast of Maine

European Ban on Homarus Americanus
During September of 2016, Sweden and the EU proposed a ban on importing
Maine lobster because 32 of Homarus Americanus were found in European waters.124
Sweden aims for Homarus americanus to be deemed as an invasive species because they
believe it is a threat to their native crustaceans. A female lobster with hybrid eggs was of
the thirty-two lobsters found in EU waters, showing that crossbreeding had taken

123
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place.125 American and Canadian scientists say that there is no evidence that these hybrid
offspring would be fertile. American scientists also believe that the Swedish waters are
too warm, overfished, and stocked with predators – all of which would prevent Homarus
americanus from becoming invasive. There have been less than one hundred Homarus
americanus found in EU waters over the last decade. 126
Professor Bob Steneck at the University of Maine claims that there is no evidence
that this species of lobsters are not able to reproduce outside the cold waters of the Gulf
of Maine.127 Lobstermen in the U.S. and Canada would lose out on $200 million if the
ban were to go through – $100 million of which would be losses in Maine.128 The four
congressional delegates of Maine issued a joint statement, saying:
“We continue to believe that pursuing such a prohibition is not only unsupported by
science and inconsistent with the rules of the World Trade Organization, but is also an
unnecessary overreaction that would have devastating economic effects on the
American lobster industry that supports so many Mainers and their families.” 129

Consumer Price Index Conversion Methods
•

Value was in nominal dollars, but the CPI from the Bureau of Labor Statistics
converted nominal value to real value using CPI by following the steps below130

•

Value in years prior to 2015 = (CPI in 2015/CPI in Year X)*(Value in Year X)

Towns used to Convert Air Temperature Data to Zones
125

Overton, Sweden’s proposed ban on American lobsters.
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Using data from the following cities (due to data availability issues):
• Robbinston à Zone A (Washington County)
• Machias à Zone A (Washington County)
• Ellsworth à Zone B (Hancock County – upper half)
• Ellsworth & East Surrey à Zone C (Hancock County – lower half)
• Belfast à Zone D (Waldo County)
• West Rockport 1 NNW à Zone D (Knox County)
• Tenants Harbor à Zone D (Knox County)
• Newcastle à Zone E (Lincoln County – lower half)
• Wiscasset à Zone E (Lincoln County – lower half)
• Bath à Zone E (Sagadahoc County)
• Gray à Zone F (Cumberland County)
• Portland à Zone F (Cumberland County)
• Kennebunkport à Zone G (York County)
• Cape Neddick à Zone G (York County)

Correlating Air Temperature and Water Temperature
Water temperature and salinity data in the Gulf of Maine between 2004 and 2015
were limited, but air temperature data was readily available. In order to use air
temperature as a proxy for water temperature and salinity, there must be a sufficiently
strong correlation between the two variables. Water temperature and salinity data were
collected at depths of 1m, 20m, and 50m from the NERACOOS database.131 The
corresponding air temperature data was collected from the NCDC and NOAA
databases.132
Any missing data points in air temperature data, were filled in by averaging the
same month in the year prior and after, and the month before and after missing point
within the same year (i.e. March of 2006 is missing so data point determined by average:
131
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March 2005, March 2007, February 2006, and April 2006). If the data point missing was
in a border year, (i.e. 2004 or 2015) then the average of the column was put in this data
point’s place.
The results of the linear correlation tests are as follows:
Air temperature and water temperatures at all depths are moderately correlated.
The two variables are correlated enough to warrant air temperature as an acceptable
proxy for water temperature at all depths, especially considering the significant data
limitations for water temperature.

Air Temperature and Water Temperature
Water Depth
Correlation Coefficient
1m
0.5313386
20m
0.6080742
50m
0.5715957

Air temperature and salinity were not strongly correlated, so air temperature was
not used as a proxy for salinity. For this reason and due to data limitations, salinity had to
be omitted from the model.

Air Temperature and Salinity
Water Depth
Correlation Coefficient
1m
-0.01768887
20m
-0.1416008
50m
0.007016564
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Air Temperature – Air temperature data is reported by county.133, 134, 135 To
convert the county data to zone data, the following breakdown of county and zone lines
was employed. All data was averaged for each month and respective zone.
Note: Overlap zones are being ignored. There are only two overlapping areas (one
between Zones C and D which is all outside of state waters and the other is between
Zones F and G between Cape Elizabeth –the lower bound of Zone F – and the
Presumpscott River – the upper bound of Zone G).
Zones

Upper
Boundary

Lower
Boundary

Counties
Included

Upper
Boundary
within County

Lower
Boundary
within
County

A

U.S./Canada
Line

Schoodic
Point

Washington
(all)

----

----

B

Schoodic
Point

Newbury
Neck

Hancock
(upper half)

C

Newbury
Neck

Cape
Rosier

Hancock
(lower half)

D

Cape Rosier

Pemaquid

E

Pemaquid

Small Point

F

Small Point

G

Presumpscott
River

Cape
Elizabeth
New
Hampshire

Waldo,
Knox, &
Lincoln
(upper half)
Lincoln
(lower half)
&
Sagadahoc

Ellsworth
down around
Swan’s
Island
Cape Rosier
(Waldo &
Ellsworth/Swan’s
Island
Knox County
Line)
HancockWashington
Line

Lincoln: Upper
county line

Damariscotta
River

Damariscotta
River

Sagadahoc
county line

Cumberland

----

----

York

----

----
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Trap Tags – The number of trap tags is the chosen variable to proxy for fishing
effort. Using both lobster licenses and trap tags would introduce collinearity into the
model because in order to drop traps and have trap tags, a license is required.
The trap tag data was taken directly from the DMR database.136 The values for the
“Class II over age 70” (LC2O) and “Class III over age 70” (LC3O) trap tags were
missing before 2008, so data interpolation was needed. There were no laws that changed
during this time that would affect these two classes, so a linear regression aided in filling
in the missing values.
The LC2O and LC3O categories were regressed on the Class II (under age 70)
and Class III (under age 70) categories respectively. This makes the assumption that the
licensing system for commercial vessels with licensed operators under the age of 70 and
that of vessels with licensed operators over the age of 70 have similar ratios. The results
of the regression for the LC2O and LC3O columns are as follows:
For Variation by Zone
•

LC2O Equation: 3058+.0512(LC2) = LC2O

•

The relationship between LC2O and LC2 was statistically significant at the .0001
alpha level. Its residuals were, on average, approximately zero (see Figure 21).
The check for normality with a QQ-plot shows that the relationship between the
theoretical quantiles and standardized residuals for LC2O and LC2 re normal (see
Figure 21)

•

LC3O Equation: 1001+.04792(LC3) = LC3O

136
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•

The relationship between LC3O and LC3 was statistically significant at the .0001
alpha level. Its residuals were, on average, approximately zero. The check for
normality with a QQ-plot shows that the relationship between the theoretical
quantiles and standardized residuals for the LC3O and LC3 are normal

For Variation by Month
•

LC2O Equation: 204200-.06998(LC2) = LC2O

•

The relationship between LC2O and LC2 was statistically significant at the .0001
alpha level. Its residuals were, on average, approximately zero and the QQ-plot
shows that the relationship between theoretical quantiles and standardized
residuals is normal

•

LC3O Equation: -4245+.06347(LC3) = LC3O

•

The relationship between LC3O and LC3 was significant at the .0001 alpha level
and the residuals were approximately zero, demonstrating the relationship
between the theoretical quantiles and the standardized residuals is normal.
LC2O~LC2 Figures

Figure 14: Shows the residuals equating to zero, on average
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Figure 15: Theoretical Quantiles for LC2O and LC2 classes, demonstrating normality

LC3O~LC3 Figures

Figure 16: Shows the residuals equating to zero, on average
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Figure 17: Theoretical Quantiles for LC3O and LC3 classes, demonstrating normality
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